Beef is a rich source of important minerals, with potassium (K) being the most abundant mineral quantitatively except in cured meats where Na from the added salt predominates. This study evaluates the potential of LIBS for quantification of the sodium (Na) and potassium (K) contents of minced beef as a potential method of detecting beef kidney adulteration. Additionally, the study aims at demonstrate the ability of LIBS to provide spatial mineral information of minced beef. A LIBS system was employed to collect spectral information of adulterated minced beef samples. Atomic absorption spectroscopy (AAS) was used to obtain reference values for Na and K. The chemometric technique of partial least squares regression (PLSR) was used to build the prediction models. Spatial mineral maps of minced beef samples were generated based on the predicted percentages of Na and K. The models for Na and K yielded calibration coefficients of determination ( 2 ) of 0.97 and 0.91 respectively. Similarly, a good calibration model was obtained for adulteration yielding a 2 of 0.97. Good prediction accuracy was observed for all models. Spatial mapping provided two major advantages: (a) representative measurements of samples and (b) spatial distribution of multi-elements. The results observed illustrate the ability of LIBS combined with chemometrics as a potential monitoring tool for mineral quantification as well as adulteration detection for the meat processing industry.
Introduction
Meat and meat products are popular among consumers due to their nutritional value and taste. It is projected that world meat production will double by 2050, with demand driven particularly in developing countries. 1 Beef is a popular meat because of its flavour and nutritional quality. Minced beef is the main ingredient for products such as sausages, hamburger patties, meatballs and meat paste. 2, 3 Beef is a rich source of important minerals such as sodium (Na), potassium (K) and phosphorus (P). Potassium is the most abundant mineral except for cured meat where Na from the added salt predominates 4 . The importance of Na and K for humans has been extensively studied [5] [6] [7] [8] [9] ; one of the basic functions of Na and K is to maintain electrolytes and fluid balance in human body. 10 Declaration of mineral content in food products is a regulatory requirement as per European Union (EU) regulations and hence, mineral detection and quantification is important for complying with food regulations. 11 The growing meat market provides a significant opportunity to the meat processing industry while simultaneously posing the challenge of providing safe and hygienic meat products 1 .
One of the major issues faced by the meat processing industry is adulteration. Minced beef products have been targeted for adulteration, with cheaper substitutes such as offal. Food product authenticity is a regulatory requirement to protect consumer health, to meet the expectations of consumers and to ensure fair- Please do not adjust margins
Please do not adjust margins trade. 12, 13 Consumers are concerned about the composition and safety of the food they consume and particularly so with regards to meats [14] [15] [16] Hence, adulteration detection in minced meat is of the highest importance in order to assure product quality and consumer protection. 17 Laser-induced breakdown spectroscopy (LIBS) is an emerging technique for mineral analysis of food with potential for at-line monitoring. LIBS is a technique based on atomic emission spectroscopy (AES) in which a laser pulse ablates a small amount of material, typically a few micrograms. A plasma is formed containing a mixture of excited neutral and charged species, both in atomic and molecular form. The light emissions from these excited species as they return to their ground state are measured using spectrophotometers. [18] [19] [20] LIBS provides numerous advantages as a monitoring technique such as minimal sample preparation, chemical free process, rapid detection, spatial information and portability as compared to the existing technologies of ICP-OES (Inductively coupled plasma -Optical emission spectrometry) and AAS (Atomic absorption spectroscopy). [21] [22] [23] [24] [25] [26] [27] Beef and beef offal, such as kidney have different contents of Na and K, which could be utilized by LIBS to develop quantification models for the same. 4 Moreover, the difference in mineral composition of beef and beef kidney could be exploited to detect and quantify beef kidney adulteration. However, there are several challenges associated with LIBS when used for quantification. LIBS signal intensities are affected by the physical and chemical properties of the sample. 28 Chemical composition, particle size and homogeneity of the sample surface are key factors. These factors control the interaction of the laser with the sample and hence the plasma temperature, which in turn affects the relative intensities of the emission lines due to a change in the amount of ablated material 18, 29, 30 . 31 performed principal component analysis (PCA) to discriminate three different meat species (beef, pork and chicken) followed by PLS modelling to predict pork and chicken adulteration in beef.
Literature reveals that LIBS has not been reported to date for beef kidney detection in meat. In the current study, differences in mineral composition between beef and beef kidney is leveraged to detect and quantify adulteration. There were two main objectives of this study; (a) utilize LIBS coupled with chemometrics for quantification of Na and K in dried and compressed minced beef pellets and (b) explore the potential of LIBS as a novel technique to detect beef kidney adulteration. Additionally, the study also aims at demonstrating the ability of LIBS combined with an automated sample chamber to provide spatial information of the elements, Na and K in dried and compressed minced beef samples.
Materials and methods
The procedures explained in this section were conducted in three independent batches on random days to take into account biovariability between different animals. These batches will be referred to as batch1, batch 2 and batch 3.
Sample Preparation
Fresh lean beef steaks and beef kidney weighing approximately 500 g each were purchased from a local butchers shop in Dublin city, Ireland. Beef kidney was used to vary the levels of Na and K in minced beef as well as testing the ability of LIBS for detecting offal adulteration. On the same day, the beef steaks and kidney were carefully cut in order to remove the fat portion. All samples were first cut into small cubes and minced separately using a laboratory meat blender (8011G, Waring Laboratory Science, Stamford CT, USA), which was carefully cleaned using an antibacterial washing 
Atomic absorption spectroscopy analysis
The Na and K content of lean beef and beef kidney were determined using a flame-atomic absorption spectrophotometer produces a large quantity of free electrons in the flame due to cesium's low ionization energy, which in turn suppresses the ionization of sodium and potassium and thus their mutual interferences can be neglected 35 . For quantification, calibration curves were obtained using standard solutions of sodium (cat. no.
05201, Sigma Aldrich, Inc.) and potassium (cat. no. 96665, Sigma Aldrich, Inc.). All samples were measured in triplicates.
LIBS spectra acquisition
LIBS spectra were recorded using a LIBSCAN 150 system (Applied Photonics Limited, Skipton North Yorkshire, United Kingdom) which consists of a Q-switched Nd:YAG laser (ultra, Quantel laser, 601
Haggerty Lane Bozeman, MT, USA) and a series of six spectrophotometers covering the wavelength range of 185-904 nm.
The experimental setup is shown in Fig. 1 . The head incorporates a miniature CCD camera and 6 lens holders which collect plasma light of different wavelength regions. The laser used for sample ablation had a pulse energy of 150 mJ and a pulse duration of 5 ns operating at 1064 nm. A repetition rate of 1 Hz was employed along with a 1.27 μs gate delay and 1.1 ms integration time in Q-switched mode.
The spectrograph was externally triggered from the laser at every pulse with a delay generator. The sample was placed at a LTSD (lens to sample distance) of approximately 80 mm to ensure that the laser was focussed onto the sample. Samples were measured by scanning 100 different locations in a 10 X 10 grid pattern with the sample moved after each shot by an automated sample chamber (XYZ-750, Applied Photonics Limited, Skipton North Yorkshire, United Kingdom) with a step size of 0.70 mm. The surface of a kidney sample before and after the measurement is shown in Fig. 2 
Data analysis
Data analysis was performed using R. 36 The "pls" package 37 was used for performing PLSR (partial least square regression) along with other in-house functions.
PLSR
In a chemometric bi-linear modelling such as partial least squares regression (PLSR), pre-processing of spectral data is the most significant step in order to remove non-linearities introduced by light scatter which can have a considerable effect on the spectra. 38 Initially, the spectra recorded for each sample at 100 different locations were subjected to mean-centering 39 ) and bias values. 43, 44 Bias values were calculated as follows:
Where, nv is the number of data samples for validation, ŷi is the prediction value and yi is the measured value. The average differences between predicted and actual values were considered as bias.
Spatial mapping
Spatial mapping of minerals using LIBS have been reported with biological samples and infant formula. [45] [46] [47] In the current study, LIBS coupled with an automated sample chamber was evaluated for spatial prediction of Na and K contents in minced beef sample pellets in order to study the elemental distribution within a sample, as well as an indication of homogeneity and therefore accuracy in the calibration models.
Quantification models obtained for Na and K were used to spatially predict Na and K content distribution in the areas analysed for batch 3. Raw data acquired from batch 3 was pre-processed by applying mean-centering followed by normalization using the individual spectral maximum, obtaining 1500 spectra with every 100 spectra corresponding to 100 shots of an individual sample.
Spatial mineral maps of dried and pelleted minced beef samples were generated in R based on predicted values using a false colour scheme, with each colour corresponding to a different percentage of Na or K.
Results and Discussion

Atomic absorption spectroscopy analysis
AAS was performed to determine the concentration of Na and K in lean beef and beef kidney. The accuracy of AAS results rely heavily on the calibration curve obtained using standard solutions of the desired element. Good calibrations were obtained for both Na and K in all batches with a 2 of 0.99. Results of AAS analysis are illustrated in Table 1 . AAS results indicate that Na content in lean beef is generally lower and K content is generally higher than in beef kidney. One way analysis of variance (ANOVA) was performed on the Na levels for lean beef batches. The Na levels were not significantly different between these batches (Table 1) . Similar analysis showed this to also be the case with regard to K levels for lean beef. However, with regard to beef kidney both Na and K levels respectively showed significant differences ( Table 1) . The results shown in Table 1 were in good agreement with those reported in the literature 31 and were used as the reference values for the calibration and validation models.
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Standard deviation shown in brackets, preceded by the symbol ± (n = 3). Numbers in brackets succeeding standard deviations correspond to the minimum and maximum values respectively.
Spectral analysis
LIBS spectra are quite complex due to the emission of multi elements from samples. 41 Fig. 3a shows the mean-centered and normalized LIBS spectra of powdered lean beef and beef kidney.
Each spectrum corresponds to an average of 100 spectra collected at different locations of the pellet in order to overcome sample heterogeneity. Emission peaks related to various elements in Fig. 3a have been identified with reference to the NIST database 48 and presented in Table 2 . In Fig. 3a , spectral lines related to Na and K are evident and clearly differentiates lean beef from beef kidney.
Na and K exists under group 1 of the periodic table, having a single electron in their outer shell and allowing LIBS to easily excite the lone electron and subsequent detection of these elements. 49 Moreover, beef and beef kidney contains high amounts of Na and K making them suitable for detection by LIBS. The relationship between the percentages of kidney adulteration in the samples is based on the difference in elemental composition, especially the difference between Na and K contents. It is evident from Fig. 3b and c that the LIBS spectra clearly differentiated adulterated beef samples based on Na and K contents, which are in confirmation with the AAS results shown in Table 1 . Please do not adjust margins
Multivariate data analysis
PLSR has been employed as a multivariate technique to quantify various minerals in meat samples using LIBS spectral data. 18, 31 In the current study, PLSR was performed on pre-processed LIBS data in order to develop predictive models for Na and K contents as well as kidney adulteration in beef.
PLSR indirectly predicts the kidney adulteration in beef by exploiting the difference in the elemental composition of the samples, especially Na and K concentrations of lean beef and beef kidney due to their high content. The data from batch 3 was used as a validation set. PLSR generates linear prediction models by optimising the covariance between spectral data and the reference values (percentage of kidney, Na and K contents). In order to do so, it performs decomposition on both the spectral and reference data simultaneously. 50, 51
3.3.1
Development of the calibration model Table 3 shows the performance summary of the developed PLSR models, containing the coefficients of determination and root mean square errors for calibration (RMSEC, 2 ) and cross validation showed a good fit, indicated by a high 2 of 0.87. Moreover, the RMSECV for the three models were in the range of 0.03-5.27. A lower 2 for K may be attributed to the variability in emission intensities among sample replicates, along with a low variation in K content between lean beef and beef kidney (Fig. 1c, Table 1 ). At the same time, factors such as chemical composition, particle size and homogeneity of the sample surface could also have an important role in affecting the relative intensities of the emission lines. 29 Furthermore, a slightly lower 2 and high RMSECV (5.27) for the kidney adulteration model could be related to batch-to-batch variability in the mineral composition of beef.
Model validation
Model validation is an important step, which analyses the performance of the developed PLSR model for an independent set of experiments. The primary aim of validating the model is to ensure that it will perform efficiently in the future for similar data . 51 The data obtained for batch 3 was used as a validation set.
All models showed good prediction accuracy as indicated by high values of 2 in the range of 0.87-0.94 (Table 3 ). Fig. 4 shows the prediction plots for Na and K contents and kidney adulteration. The model for Na showed very good performance with a 2 of 0.94 (Fig.   4a ). The prediction accuracy observed for K was slightly lower yielding a 2 of 0.86 (Fig. 4b ) and in accordance with the values obtained in the calibration. A lower 2 value obtained for K could be attributed to the same reasons as mentioned in section 3.3.1.
Good prediction accuracy was observed for kidney adulteration obtaining a 2 of 0.87 (Fig. 4b) . with respect to phosphorus (P) as well as trace elements such as copper (Cu). 4 In a recent study, LIBS was used for quantification of Cu in beef using beef liver as a natural ingredient to spike Cu levels, which could be utilized to detect liver adulteration. 52 For future studies, the model performance could be further improved by controlling sampling factors such as sample homogeneity and particle size, which affect the precision and accuracy of LIBS measurements. 19 Precise milling machines and freeze-drying could help in overcoming these factors. However, 
Conclusions
In the present study, LIBS was successfully employed for indicates the coefficient of determination in prediction.
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Performance summary of PLSR models is shown in Table 3 . 
